Flavivirus non-structural protein 4A (NS4A) induces membrane rearrangements to form viral replication complex and functions as interferon antagonist. However, other non-structural roles of NS4A protein in relation to virus life-cycle are poorly defined. This study elucidated if dengue virus (DENV) NS4A protein interacts with host proteins and contributes to viral pathogenesis by screening human liver cDNA yeasttwo-hybrid library. Our study identified polypyrimidine tract-binding protein (PTB) as a novel interacting partner of DENV NS4A protein. We reported for the first time that PTB influenced DENV production. Gene-silencing studies showed that PTB did not have an effect on DENV entry and DENV RNA translation. Further functional studies revealed that PTB influenced DENV production by modulating negative strand RNA synthesis. This is the first study that enlightens the interaction of DENV NS4A protein with PTB, in addition to demonstrating the novel role of PTB in relation to mosquito-borne flavivirus life-cycle.
Introduction
Dengue virus (DENV) is a single-stranded RNA virus belonging to Flaviviridae family. There are four DENV serotypes that are antigenically different, namely DENV1, DENV2, DENV3 and DENV4. Its RNA genome encodes a single polypeptide which is subsequently processed by virus and host proteases to form three structural and seven non-structural proteins in the order C-prM-E-NS1-NS2A-NS2B-NS3-NS4A-NS4B-NS5 [1, 2] . The capsid protein undergoes oligomerization and interacts with viral RNA to form nucleocapsid. The pre-membrane (prM) and envelope (E) proteins synthesized at endoplasmic reticulum form heterodimers and further interact with virus nucleocapsid to generate immature virus particles. The immature virus particles are transported through trans-Golgi network and cleaved by host protease furin to form infectious mature virus particles. Mature virions are subsequently released from the host cell by exocytosis [3, 4] .
Non-structural (NS) proteins play an essential role in flavivirus replication. NS1 protein is involved in viral RNA replication, signal transduction and complement activation [5] [6] [7] [8] [9] . NS2A is involved in generation of virus-induced membranes during virus assembly [10] . NS2B acts as the co-factor for the protease activity of NS3 protein [11, 12] . NS3 functions as a serine protease/RNA helicase [13] . NS4A induces membrane rearrangements to form viral replication complex and acts as an interferon antagonist [14, 15] . NS4B inhibits type I interferon response of host cells and modulates viral replication through its association with NS3 [15, 16] . NS5 protein possesses methyl transferase activity and RNA-dependent RNA polymerase activity [13] . However, the exact molecular mechanism underlying the functions of these viral proteins remains to be deciphered in great detail.
In this study, we aimed to understand the role of NS4A protein in relation to DENV life-cycle and found polypyrimidine tract-binding protein (PTB) as a novel interacting partner of NS4A protein. Functional studies revealed that PTB influenced DENV negative strand RNA synthesis by binding with DENV RNA genome. This is the first study reporting the association of DENV NS4A protein with PTB and sheds light on the biological significance of this binding in relation to DENV replication.
Materials and methods
Cells and viruses. Huh-7 cells were maintained in Dulbecco's Modified Eagle medium (Sigma) containing 10% fetal calf serum (Invitrogen) and incubated at 37°C with 5% CO 2 . Dengue 2 virus (New Guinea C) propagated in C6/36 cells was used throughout this study. Huh-7 cells were infected with DENV at MOI of 0.1.
Plasmid construction. Full-length DENV NS4A was cloned into pGBKT7 vector (Clontech) using NdeI and BamHI restriction enzyme sites. The resulting constructs were sequenced to ensure correct reading frames and were subsequently used as bait in yeasttwo-hybrid (Y2H) library screening. The short hairpin RNA (shRNA) (5 0 -AAGGAACTTCCATCATTCCAGAGAACTTGCTTCTTCTCTGGAATGA TGGAAGTTCCTATAGTGA-3 0 ) directed against human PTB mRNA was cloned into psiRNAhH1-GFPzeo vector to generate psiRNA-PTB. Huh-7 cells were transfected with psiRNA-PTB using lipofectamine 2000. Stable transfectants were selected with zeocin (200 lg/ml, Invitrogen) and called PTBKD cells. Huh-7 cells transfected with scrambled shRNA sequence produced scrambledKD cells.
Y2H screening. Y2H mating assays were carried out using NS4A as bait and pre-transformed human liver cDNA yeast library (Clontech) as described by the manufacturer. The resulting positive colonies were picked to isolate the library plasmids using Yeast plasmid extraction kit (Clontech) and sequenced for BLAST analysis (GenBank).
Co-immunoprecipitaion. Huh-7 cells (5 Â 10 5 ) were infected with DENV. At 24 h post-infection, cell lysate was pre-mixed with 2 lg of anti-DENV NS4A/anti-PTB conjugated magnetic microbeads and purified using lMACs column (Miltenyi Biotec). Samples obtained from co-immunoprecipitation assays or whole cell lysates were subjected to Western blotting using anti-DENV NS4A (1:400)/anti-PTB (1:400) antibodies.
Localization studies. Huh-7 cells were infected with DENV. At 24 h post-infection, cells were fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton-X. The anti-NS4A (1:400) or anti-PTB (1:700) antibodies were used as primary antibodies and secondary goat antibodies conjugated to FITC or Texas red (Chemicon) were used. The nuclei were stained with DAPI (Molecular Probes). The specimens were viewed with a laser scanning confocal inverted microscope (Leica TCS SP2).
Virus growth kinetics. Huh-7, scrambledKD and PTBKD cells were infected with DENV or transfected with RNA in vitro transcribed from full length infectious clone of DENV. At the indicated timings, culture supernatants were collected for plaque assay.
Real-time RT-PCR. Huh-7, scrambledKD and PTBKD cells were infected with DENV. Total RNA was extracted using TRIzol reagent (Invitrogen) and subjected to real-time RT-PCR using iTaq TM Supermix (BIO-RAD) with primer sequences targeting NS1 region. The forward primer is 6-carboxyfluorescein-labeled 5 0 -CACAACCA TGAAGAGGGCATTTG-FAM-G-3 0 and the reverse primer is unlabeled NS1 reverse primer, 5 0 -TTTGTTTCCACATCAGATTCCCA-3 0 [17] . Reactions were performed using Applied Biosystems 7500 real-time PCR system. Standard curve was generated using DENV RNA isolated from known quantity of virus. The amount of total viral RNA from PTBKD or scrambledKD cells was determined relative to that from control Huh-7 cells.
Detection of PTB-DENV association. Huh-7, scrambledKD and PTBKD cells were infected with DENV or transfected with biotinylated RNA in vitro transcribed from full length infectious clone of DENV. After 14 h, cells were cross-linked with 1% formaldehyde and lysed for co-immunoprecipitation or pull down assay using anti-PTB Ab or Streptavidin beads (Invitrogen). Real-time RT-PCR was performed on the RNA isolated from anti-PTB Ab immunoprecipitated sample. The samples obtained from pull down assays were analyzed by Western blotting using anti-PTB and anti-NS4A Ab.
Results

Identification of PTB as a binding partner of NS4A protein
Using DENV NS4A protein as bait, Y2H screening was performed against human liver cDNA library. Five independent clones that encoded PTB protein were found to interact with NS4A protein. To confirm NS4A-PTB association in mammalian system, co-immunoprecipitation was performed. Huh-7 cells were infected with DENV. At 24 h p.i., cell lysates were immunoprecipitated with anti-PTB Ab followed by immunoblotting using anti-DENV NS4A Ab. As shown in Fig 
PTB influences DENV production
To examine the role of PTB in relation to virus production, PTB knock-down (PTBKD) Huh-7 cells were generated. The effect of gene silencing in Huh-7 cells was confirmed by Western blotting and densitometry (SynTools from SynGene). The psiRNA-PTB mediated gene knock-down decreased the endogenous PTB level by 60% as revealed by densitometry ( Fig. 2A) . The effect of PTBKD on DENV production was examined in Huh-7 cells by infecting scrambledKD and PTBKD cells with DENV. At the indicated time points, culture supernatants were collected for plaque assay. Reduced virus production was observed with DENV-infected PTBKD cells (Fig. 2B ) at as early as 1 day post-infection although 2-3 log units reduction in virus titres were obtained at 2 and 3 days post-infection (P < 0.05). This indicated that PTB influenced DENV production.
Early events in DENV life-cycle does not influence DENV production
To test if PTB-induced changes in virus titres were due to enhanced virus entry and genome uncoating, these processes were bypassed by transfecting scrambledKD and PTBKD cells with RNA in vitro transcribed from full length infectious clone of DENV. At the indicated time points, culture supernatants were collected for plaque assay. Virus titres were significantly reduced (P < 0.05) by 2-3 log units in PTBKD cells transfected with full length DENV RNA compared to scrambledKD cells (Fig. 2C ). This indicated that PTB influenced virus titres following genome uncoating.
PTB influences viral RNA synthesis
To examine the effect of PTB on viral RNA synthesis, Huh-7, scrambledKD and PTBKD cells were infected with DENV. Total RNA was extracted and subjected to real-time RT-PCR. Viral RNA levels in DENV-infected PTBKD cells were significantly reduced (40%, P < 0.05) compared to DENV-infected scrambledKD/control Huh-7 cells (Fig. 3 ). This demonstrated that PTB influenced DENV RNA synthesis.
PTB associates with DENV RNA
Huh-7, scrambledKD and PTBKD cells were infected with DENV. After cross-linking, cells were co-immunoprecipitated using anti-PTB Ab. Real-time RT-PCR was performed on the RNA isolated from anti-PTB Ab immunoprecipitated sample. As shown in Fig. 4A , PTBbound DENV RNA levels were lower by 40% in PTBKD cells compared to scrambledKD cells after normalization against actin control. This indicated that PTB binding to DENV RNA is significantly impaired in PTBKD cells.
Huh-7, scrambledKD and PTBKD cells were transfected with biotinylated RNA and pull down assay was performed using streptavidin dynabeads followed by Western blotting using anti-PTB/ anti-NS4A Ab. Interestingly, the intensity of PTB or NS4A bands were lower (20- . These results confirmed that PTB associates with DENV RNA and NS4A during DENV infection.
Influence on DENV negative strand RNA synthesis
Davis and colleagues [18] showed that binding of elongation factor 1 alpha to West Nile virus RNA influences negative strand RNA synthesis. PTB was shown to bind DENV4 RNA. We thus investigated if DENV negative strand synthesis is affected when PTB level is lowered by gene silencing. Total RNA was extracted from DENV-infected Huh-7, scrambledKD and PTBKD cells. Negative strand RNA levels were measured using T7-tagged real-time RT-PCR as described by Davis and colleagues [18] . As shown in Fig. 4C , DENV negative strand RNA levels in DENV-infected PTBKD cells were approximately 65% reduced (P < 0.05) compared to DENV-infected scrambledKD/control Huh-7 cells. This indicated that efficient binding of PTB with DENV RNA is essential for DENV negative strand RNA synthesis. 
Discussion
Dengue viruses are the most important human arboviral pathogens of greatest global public health importance. DENV infection causes a broad spectrum of clinical manifestations ranging from asymptomatic fever to potentially fatal hemorrhagic manifestations. Approximately 2.5 billion people living in tropical and subtropical countries are at risk of epidemic transmission and 50-100 million-dengue infections occur annually. About 500,000 dengue-infected individuals develop the life threatening Dengue Hemorrhagic Fever and Dengue Shock Syndrome [19, 20] . There is no approved vaccine or antiviral therapies available against DENV infections. The only form of treatment available today is the supportive treatment and prevention is through vector control and boosting the immunity. Hence there is a great urge for the development of vaccines or novel antivirals. Viruses are known to subvert host proteins to create a more favorable environment for their replication. It is thus important to understand the virus-host protein interactions that mediate different steps of DENV life cycle to develop good antiviral drugs.
In this study, DENV NS4A protein, a component of viral replicative machinery was used to elucidate the biological role of NS4A protein in DENV pathogenesis. Human liver cDNA library was screened using DENV NS4A protein as bait. We demonstrated for the first time that DENV NS4A protein interacted with PTB. PTB is a member of heterogenous nuclear ribonucleoprotein that binds to cellular and viral RNA [21] . PTB has been implicated in multiple steps of pre-mRNA processing [22] , polyadenylation regulation [23] and viral/cellular IRES-dependent translation of RNA [24] [25] [26] [27] . PTB has been shown to regulate RNA transcription, translation and virus propagation of several viruses including picornavirus, coronavirus and herpes virus [28] [29] [30] . The involvement of PTB in regulating viral replication and translation was also shown in Hepatitis C virus [31] [32] [33] [34] . Binding of PTB to untranslated regions of mosquito-borne flaviviruses such as Japanese encephalitis virus and Dengue 4 virus were also reported although the biological significance of this binding has not been demonstrated [35, 36] .
This study identified the novel interaction between DENV NS4A protein and PTB. We have analyzed the importance of NS4A-PTB association using a combination of biochemical and molecular techniques and demonstrated that PTB influenced DENV production ( Fig. 2A) . RNA viruses are known to replicate in the cytoplasm of infected cells although Uchil and colleagues [37] reported that DENV replication occured within the nucleus. Moreover, several structural and non-structural proteins of flavivirus were shown to enter the nucleus and this nuclear phase is critical for their replication. Though PTB is present predominantly in the nucleus at static state, a significant cytoplasmic localization was also reported and it can shuttle between the nucleus and cytoplasm [38, 39] . Thus the cellular distribution of PTB together with its interaction with a component of DENV replicative complex indicated that PTB can influence DENV production.
Next, we examined the molecular mechanism underlying this PTB-induced changes in DENV production and showed that they were independent of virus entry, genome uncoating and protein translation ( Fig. 2C and Supplementary Fig. 1 ). This study identified that PTB binding to DENV RNA genome is crucial and reduced binding affected negative strand RNA synthesis which accounted for the altered DENV production in PTBKD cells (Fig. 4 ). This is in consistent with Mouse Hepatitis virus where PTB influenced transcription, but not translation of viral RNA [40] . Recently, Davis and colleagues [18] showed that binding of elongation factor 1 alpha to West Nile virus RNA genome is critical for viral negative strand RNA synthesis. This suggested that PTB might play a similar role in DENV replication or PTB might function together with elongation factor 1 alpha to facilitate DENV negative strand RNA synthesis.
In conclusion, our study identified a novel interaction between DENV NS4A, a component of viral replicative machinery and PTB and revealed the biological significance of this association in relation to virus life-cycle. This study broadened our current understanding on the functions of DENV NS4A protein besides revealing the role of PTB in DENV replication. Moreover, this study identified a new anti-DENV target (PTB) and formed the platform towards the development of new anti-DENV drugs.
